Patients with heterozygous missense mutations in the ACTA2 or MYH11 gene are known to exhibit thoracic aortic aneurysm and a risk of early-onset aortic dissection. However, less common phenotypes involving arterial obstruction are also observed, including coronary and cerebrovascular stenotic disease. Herein we implicate the HDAC9 complex in transcriptional silencing of contractile protein-associated genes, known to undergo downregulation in stenotic lesions. Furthermore, neointimal formation was inhibited in HDAC9-or MALAT1-deficient mice with preservation of contractile protein expression. Pharmacologic targeting of the HDAC9 complex through either MALAT1 antisense oligonucleotides or inhibition of the methyltransferase EZH2 (catalytic mediator recruited by the HDAC9 complex) reduced neointimal formation. In conclusion, we report the implication of the HDAC9 complex in stenotic disease and demonstrate that pharmacologic therapy targeting epigenetic complexes can ameliorate arterial obstruction in an experimental system.
Introduction
In diverse forms of vascular disease, smooth muscle cells (SMCs) are known to modulate cellular phenotype typified by downregulation of SMC-restricted contractile-protein genes, and upregulate groups of genes involved in secretion of extracellular matrix, proliferation, and migration. This cellular behavior has been noted in important human diseases such as atherosclerosis, pulmonary hypertension, aortic and peripheral aneurysms, and restenosis after percutaneous arterial intervention (1, 2) . Interestingly, the phenotype of thoracic aortic aneurysm (TAA) has been associated with human mutations in genes encoding these same SMC-restricted contractile proteins. For instance, mutations in ACTA2, the gene encoding α-smooth muscle actin (α-SMA), are a major cause of nonsyndromic TAA (3) . Similarly, mutations in the gene MYH11, encoding smooth muscle myosin heavy chain (smMHC), the binding partner of this actin isoform, causes a combined presentation of TAA and patent ductus arteriosis (4) . On the basis of these observations and others, disruption of SMC contraction has been hypothesized as an underlying mechanism of TAA pathogenesis (5) . However, in addition to extensive implication of the smooth muscle contractile dysfunction in aneurysmal disease, SMCs have also been extensively implicated in stenotic/ischemic vascular disease. In fact, individuals with ACTA2 mutations demonstrate pathologies such as coronary, pulmonary, or intracranial arterial stenosis (6, 7) . MYH11 mutations have similarly been shown to cause a moyamoya-like vascular pathology, implicating this gene family in stenotic as well as aneurysmal disorders in humans (8) . At the center of SMC phenotype modulation observed in vascular disease is a complex network of transcriptional pathways that coordinate repression of contractile elements such as α-SMA and smMHC and upregulation of synthetic and proliferative function (2, 9) .
Recently, we described one such pathway active in TAA pathogenesis consisting of the histone deacetylase, HDAC9, the chromatin remodeling protein Brahma-related gene 1 (BRG1), and the long noncoding RNA (lncRNA), MALAT1 (10) . This HDAC9 chromatin-modifying complex is recruited to the promoters Patients with heterozygous missense mutations in the ACTA2 or MYH11 gene are known to exhibit thoracic aortic aneurysm and a risk of early-onset aortic dissection. However, less common phenotypes involving arterial obstruction are also observed, including coronary and cerebrovascular stenotic disease. Herein we implicate the HDAC9 complex in transcriptional silencing of contractile protein-associated genes, known to undergo downregulation in stenotic lesions. Furthermore, neointimal formation was inhibited in HDAC9-or MALAT1-deficient mice with preservation of contractile protein expression. Pharmacologic targeting of the HDAC9 complex through either MALAT1 antisense oligonucleotides or inhibition of the methyltransferase EZH2 (catalytic mediator recruited by the HDAC9 complex) reduced neointimal formation. In conclusion, we report the implication of the HDAC9 complex in stenotic disease and demonstrate that pharmacologic therapy targeting epigenetic complexes can ameliorate arterial obstruction in an experimental system. of vascular SMC-specific (VSMC-specific) genes in the presence of gene products modified with TAA-associated mutations. Among other functions, the HDAC9 complex recruits Polycomb repressive complex 2 (PRC2) to catalyze the trimethylation of histone 3 on lysine 27 (H3K27) through EZH2, its enzymatic subunit. Inhibition of the HDAC9 complex slowed aneurysm progression in conjunction with decreased H3K27 trimethylation and the restoration of contractile protein expression (10, 11) . Genetic evidence in humans implicates the HDAC9 locus in the pathogenesis of not only aneurysms, but also ischemic arterial disease such as coronary artery disease and large vessel ischemic stroke (12, 13) . We therefore hypothesized that the HDAC9 complex may also be involved in transcriptional control of SMCs in forms of vascular disease also involving arterial stenosis.
In this study, we investigated the role of the HDAC9 complex in modulating stenotic vascular disease using the murine carotid artery ligation model. We find evidence of HDAC9 activation in medial and neointimal SMCs after ligation and binding of the HDAC9-containing complex to SMC contractile-protein promoters correlated with transcriptional downregulation of contractile elements. Nonbiased chromatin immunoprecipitation sequencing assays demonstrate multiple targets of the HDAC9 complex including cGMP, angiotensin, adrenergic, and oxytocin signaling pathways. Utilizing these data, we investigated inhibition of the HDAC9 pathway as a therapeutic modality. In experimental animals, inhibition of MALAT1 or HDAC9 expression arrested neointimal hyperplasia and partially normalized the transcriptional signature of the artery. Pharmacologic targeting of the HDAC9 complex with GapmeR antisense oligonucleotides against MALAT1 or small-molecule inhibitor GSK343 was effective at controlling arterial stenosis. These data illuminate a critical role in HDAC9-mediated transcriptional silencing in the process of stenotic arterial disease and validate this pathway as a target for stenotic arterial disease.
Results
Identification of HDAC9 targets in cells exposed to the R179H mutant allele of ACTA2. We previously identified an epigenetic remodeling complex activated in VSMCs (HDAC9-BRG1-MALAT1) under the influence of genetic mutations that cause aortic aneurysm (10) . However, some forms of genetically triggered aortic disease (GTAD) such as those caused by mutations in the ACTA2 or MYH11 gene also cause stenotic disease (6, 8) . In particular, recurrent missense mutations in the codon for arginine 179 causes a severe form of smooth muscle dystrophy with both vascular aneurysms and stenoses ( Figure 1A ) (7) . To gain insight into genetic targets that may explain this phenotypic divergence, we performed whole-genome chromatin immunoprecipitation of HDAC9, BRG1, and the histone mark histone 3 trimethylated lysine 27 (H3K27me3) followed by next-generation sequencing analysis (ChIP-seq) within VSMCs transduced with an ACTA2 R179H allele. Analysis of genes enriched in cells expressing ACTA2 R179H were sought by subtracting genes identified in baseline conditions. The results demonstrate 1,141 genes identified by each of these 3 separate interactions ( Figure 1 , B and C, and Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.124706DS1). In silico analysis of the core genes implicates several pathways involved in the modulation of VSMC force generation including cGMP-PKG1, renin, and adrenergic signaling in addition to genes comprising the VSMC contraction apparatus ( Figure 1C and Supplemental Table 2 ). Interestingly, the ACTA2 locus itself demonstrated substantial enrichment of H3K27me3 as well as association with HDAC9 and BRG1 ( Figure 1B ). This regulation of the ACTA2 locus appears to be specific, as other alleles known to induce aneurysmal but not stenotic disease, such as TGFBR2 G357W , fail to suppress the ACTA2 locus (Supplemental Figure 1) . Applying multiple comparisons correction to our ChIP-seq data reveals ACTA2 as the only gene locus at genome-wide significance (Supplemental Figure 1) . To determine if this silencing was mediated by the HDAC9 complex we assayed for H3K27me3 modifications by targeted ChIP-qPCR at the ACTA2 promoter and found them to be MALAT1 dependent ( Figure 1D) .
The HDAC9 complex in murine experimental neointimal hyperplasia and arterial stenosis. To gain insight into the role of epigenetic silencing of gene products (such as α-SMA) in vascular stenosis we performed murine carotid arterial ligation. Unilateral ligation of the carotid artery in mice induces significant transcriptional changes in the arterial media and stimulates the formation of an extensive neointima (Figure 2A) . Grossly, reactionary neointimal changes, including secretion of matrix-degrading enzymes such as MMPs, SMC proliferation and phenotypic change, and inflammation are seen. Contractile proteins such as α-SMA and Sm22α are strongly downregulated within the ligated artery, while matrix-degrading enzymes such as MMP9 showed increased expression ( Figure 2B ). Previously, we documented targeting of the HDAC9 complex to the promoters of contractile proteins in cellular models of aortic aneurysm. We therefore investigated whether this complex may mediate the observed silencing during neointimal formation within the carotid ligation model. First we investigated the expression level of the components of the complex, HDAC9, BRG1, and MALAT1, in ligated arteries. Both HDAC9 and MALAT1 mRNAs were significantly upregulated ( Figure 2C ) and the components of the complex colocalized in ligated arteries within intimal nuclei (Figure 2 , D and E). R179H mutant cells decreased levels of the repression mark H3K27me3 at the ACTA2 promoter. Statistical significance was determined by 1-way ANOVA with Tukey's post hoc test (versus wild-type cells). **P < 0.001, ***P < 0.0001.
Inhibition of the HDAC9 complex improves neointimal hyperplasia.
The ability of MALAT1 inhibition to prevent accumulation of H3K27me3 chromatin marks at the ACTA2 promoter ( Figure 1D ) suggests that downregulation may help facilitate phenotype change necessary for neointimal hyperplasia formation. To determine if inhibition of the HDAC9 complex inhibits neointimal formation we ligated the carotid arteries of mice deficient in MALAT1 or HDAC9. To test this hypothesis, carotid artery ligation was performed on MALAT1-deficient (Malat1 :Tagln-cre as assessed by CD31 staining in ligated arteries ( Figure 3C ). To determine the extent of transcriptional dysregulation in the carotid arteries of targeted mice, a panel of contractile and synthetic mRNAs was assayed. Among contractile gene products, genetic inhibition of the HDAC9 complex had the most dramatic effect on the ACTA2 gene ( Figure 3D ). Consistent with both improvement in the stenotic phenotype and restoration of ACTA2 expression, matrix metalloproteinase 9 (MMP9) protein expression is suppressed in . We next examined proliferative and remodeling pathways known to be activated during neointimal formation (15, 16) . We therefore assayed activation of the platelet-derived growth factor receptor (PDGFR) and focal adhesion kinase (FAK) pathways by phospho-specific antibody staining. Consistent with the observed palliation of neointimal development, dramatic reduction of phosphorylation of PDGFR and FAK was noted in the media and intima of :Tagln-cre mice suggested that pharmacologic targeting of the complex could improve vascular performance. In previous work, we demonstrated that the HDAC9 complex recruits PRC2, allowing silencing modifications of histone H3 at contractile-protein promoters. Inhibition of the catalytic subunit of PRC2, an enzyme named EZH2, inhibited aortic aneurysm growth in mice (11) . Therefore, we explored the use of 2 separate treatments to inhibit transcriptional events downstream of the HDAC9 complex. In the first, we used a GapmeR targeting the lncRNA MALAT1 to dissociate the complex that recruits PRC2 to chromatin. GapmeRs are small antisense DNAs with modified end nucleotides that recruit RNAse H for target transcript degradation. Using this peripherally injected GapmeR, we first assayed repression of Malat1 in arterial tissue ( Figure 5A ). In the second step, we used a pharmacologic inhibitor of the EZH2 enzyme, GSK343, to prevent PRC2-mediated transcriptional repression.
Treatment of animals with either GapmeR-Malat1 or GSK343 initiated before and continued during carotid artery ligation dramatically improved the extent of the stenotic response ( Figure 5 , B and C). Consistent with an improved gross phenotype, both GapmeR-Malat1 and GSK343 treatment improved the expression of contractile proteins such as α-SMA and SM22α, typically downregulated in neointimal hyperplasia ( Figure 5B ). Supporting the concept of EZH2 being a primary therapeutic target in the arterial response, formation of a neointima was also inhibited in mice with SMC-specific inactivation of the EZH2 locus (Ezh2 Figure 2) . We used a fluorescently labeled GapmeR (3′-FAMGapmeR-Malat1) to assay delivery to the vasculature. 3′-FAM-positive carotid VSMCs as well as VSMCs from GSK343-treated animals demonstrated robust expression of α-SMA, in contrast to carotid VSMCs in wild-type animals ( Figure 5D ). Likewise, GapmeR-Malat1 and GSK343 treatment inhibited the activity of MMPs ( Figure 5E :Tagln-cre mice, mice treated with GapmeR-Malat1 or GSK343 showed dramatic reduction of phosphorylation of PDGFR, and FAK was in both the media and intima of carotid arteries ( Figure 6, A and B) . Importantly, carotid arteries from mice treated with GapmeR-Malat1 or GSK343 also showed decreased accumulation of Hdac9 and Mmp9 in the arterial media and intima ( Figure 6C ).
Discussion
Stenotic as well as aneurysmal lesions have been noted in individuals with mutations in members of the smooth muscle contractile apparatus. In this study, we used ChIP to identify targets of the HDAC9 complex in cells expressing an ACTA2
R179H allele. Interestingly, multiple loci were identified interacting with the complex including vascular smooth muscle transcription factors such as MEF2A, MEF2C, and MYOCD ( Figure 1 ). Interestingly, one major target is the ACTA2 gene itself, consistent with previous observations of low α-SMA levels in both aneurysms and stenotic lesions. Deficiency of either MYOCD or ACTA2 is known to exacerbate neointimal stenosis after vascular injury (17, 18) , implicating repressive control of these gene products as a pathogenic step in neointimal stenosis. Therefore, to further explore the HDAC9-complex activity in vascular injury we used the murine carotid arterial ligation model. Consistent with the role of :Tagln-cre (n = 7) mice versus ligated carotid (n = 7) of wild-type mice. Significance was calculated using an unpaired t test (2-tailed, vs. wild-type ligated carotid). Scale bars: 50 μm, zoom 5-fold magnification.
the HDAC9 complex in pathogenic progression, mice deficient in either HDAC9 or MALAT1 expression were less prone to developing neointimal hyperplasia after vascular injury and maintained contractile protein expression. We therefore explored pharmacologic targeting of the complex. First, antisense oligonucleotides targeting MALAT1 were injected into wild-type mice prior to and 1 week after carotid ligation. GapmeR-Malat1-treated animals, similar to Malat1-knockout mice, were resistant to neointimal development after carotid ligation. Next, we treated mice with the EZH2 inhibitor, GSK343, during carotid ligation. EZH2 is the catalytic subunit of PRC2, known to be recruited by the HDAC9 complex, to catalyze the trimethylation of histone H3 (H3K27me3) (19) . Similar in effect to inhibition of MALAT1, blockage of EZH2 activity effectively inhibited neointimal formation and stenosis of the vessel with salutary effects on MMP production and contractile protein expression. These data demonstrate the feasibility of targeting epigenetic complexes necessary for neointimal development.
Arterial stenosis is a common human condition and the health impact is staggering. While the majority of arterial stenosis is associated with atherosclerosis, stenosis can also occur in the context of restenosis after percutaneous intervention, or congenital stenoses such as aortic or pulmonary obstruction. In the latter cases, obstruction is thought to be caused by excessive medial or intimal expansion of SMCs. Arterial SMCs undergo profound phenotypic changes during these disease processes, having the ability to acquire characteristics of chondrocytes, osteocytes, and macrophages (20) . However, one of the most common forms is a less differentiated cellular form known as the proliferative phenotype. This phenotype is characterized by cellular proliferation, loss of definitive markers of the SMC phenotype (such as α-SMA), and increased activation of matrix-degrading enzymes (2, 20) . While most arterial stenosis occurs in the context of atherosclerosis, some rare forms of Mendelian vascular smooth muscle dysfunction also encompass arterial stenosis as a phenotype. One such condition is the vascular disease caused by mutations in ACTA2. Patients with particular missense mutations in ACTA2 (and to a lesser extent in MYH11) show intracranial and coronary arterial stenosis thought to be caused by excessive medial hyperplasia (6, 21) . These data may help inform the specific pathology seen in these rare diseases.
The transcriptional changes that occur in experimental medial hyperplasia have been well documented. In our study, we observe that the HDAC9-MALAT1-BRG1 complex targets important genes such as MEF2A, MEF2C, and MYOCD, encoding regulators of smooth muscle differentiation (Figure 1 ). In particular, myocardin, the master regulator of smooth muscle differentiation, has been implicated as a protective factor in neointimal stenosis (18) . Mice deficient in this factor, responsible for the maintenance of VSMC identity, exhibit exacerbation of intimal reaction to arterial injury. Similarly, mice deficient in ACTA2 exhibit the same exacerbation of stenosis and intimal reaction (17) . Preventing the silencing of the ACTA2 gene through inhibition of the HDAC9 complex therefore may prevent the phenotype switching necessary for neointimal proliferation. Similarly TAGLN, encoding SM22α, is associated with the transcriptional control of MMP expression and maintenance in expression of this gene, and may partially account for the suppression of MMP expression noted in the phenotype of Neointimal hyperplasia after vascular injury can occur in the context of stent placement for relief of arterial obstruction. The presence of the stent induces proliferation and expansion of the medial SMCs, which can cause a secondary stenosis and re-obstruct blood flow. Stents impregnated with antiproliferative agents such as rapamycin prevent neointimal proliferation. Unfortunately, the mechanism of action also prevents proper endothelialization, necessitating treatment with antiplatelet agents that increase the risk of hemorrhage (22) . Agents that have the capacity to impede VSMCs without preventing endothelialization could improve this situation. Based on the data presented here, agents that inhibit the action of the HDAC9 complex may have a comparative advantage in the treatment of such stenotic vascular disease.
Methods
Mouse model of carotid stenosis. Carotid ligations were performed in 10-week-old mice. Briefly, animals were anesthetized using intraperitoneal ketamine/xylazine (80 and 12 mg/kg, respectively) followed by a small incision in the neck to expose the carotid artery. Then the left carotid was ligated at the carotid bifurcation level using an 8-0 silk suture. At 21 days mice were sacrificed and carotids were collected for histological analysis. Approximately 98% of wild-type mice developed stenotic lesions. Mice that developed thrombosis of the ligated carotid were excluded from the study (~1%-2%). crossed to generate SMC-Ezh2-deficient mice. All the above mice and wild-type mice (C57BL/6J) were purchased from The Jackson Laboratory. For tissue analysis, animals were euthanized through inhalational isoflurane (Sigma-Aldrich) prior to tissue collection. All carotid ligation (left carotid) procedures were performed at 10 weeks of age. All experiments were performed on male and female animals at a 1:1 ratio. See complete unedited blots in the supplemental material.
Histology. Left and right carotids were cryosectioned using a standard OCT protocol and sectioning. The right carotid artery was unligated and served as an internal control. Neointimal analysis was performed from H&E-stained horizontal cross sections embedded in OCT compound. Briefly, the distal 0.2 mm of carotid from the ligation suture site was discarded followed by generation of 20 slides (10 μm). Slides 1, 5, 10, and 15 were H&E stained for quantification of neointima. For quantification of the neointima, internal and external elastic lamina perimeters and medial thickness from 4 quadrants were measured and averaged using ImageJ software (NIH). Slides 2-4, 6-9, and 11-14 were used for immunofluorescence staining. All antibodies are listed in Supplemental Table 3 .
RNA isolation and RT-qPCR analysis. Dissected carotids were collected into a 1.5-ml tube containing 700 μl of TRIzol and total RNA was prepared using an RNeasy kit (Qiagen) following the manufacturer's protocol. The cDNA was prepared by reverse transcription (RT), and gene expression was analyzed by quantitative PCR (qPCR) on a SYBR green system (Applied Biosystems). Expression results were analyzed by the ΔΔCT method, and GAPDH (encoding glyceraldehyde-3-phosphate dehydrogenase) was used as a housekeeping gene. Fold changes were calculated as the average relative to the control carotid as the baseline. All primers are listed in Supplemental Table 3 .
In vivo MMP activity. Mice were tail vein injected with 600 μl of MMPSense 750 FAST, a near-infrared fluorescence sensor for MMP2 and MMP9 activity (PerkinElmer). Mice were sacrificed 24 hours after injection and aortas were dissected and analyzed using a Kodak Image Station 4000MM Pro for macroscopic fluorescence reflectance molecular imaging.
Sequential FISH and immunofluorescence microscopy. Stellaris FISH Probes recognizing mouse Malat1 (SMF-3008-1) and labeled with Quasar 570-labeled oligos (Biosearch Technologies, Inc.) were hybridized to tissue samples, followed by incubation with primary and secondary antibodies following the manufacturer's instructions available online at www.biosearchtech.com/stellarisprotocols. Imaging and analysis were performed using Volocity 5.2 software. Three-dimensional and quantitative fluorescence colocalization analyses were performed as described previously (10) . Two-dimensional and white-light images were analyzed using ImageJ software.
ChIP-seq and ChIP-qPCR. Human wild-type or aneurysm (ACTA2 R179H or TGFR2 G357W ) (10) SMCs (10 million) were fixed with 1% formaldehyde at 37°C for 20 minutes, quenched with 125 mM glycine for 5 minutes (room temperature), and protein lysates were prepared using an EpiTect ChIP kit according to the manufacturer's instructions (Qiagen). Next, total protein lysates were sonicated to shear chromatin to an average length of 500-1,000 bp, followed by centrifugation for 10 minutes at max speed. Supernatants were collected into a 2-ml tube containing 6 μg of monoclonal antibody against HDAC9 (ab59718), BGR1 (ab110641), H3K27me3 (ab4729), or IgG isotype control (ab171870) (all from Abcam) and 1 ml of lysis buffer supplemented with 1× protease inhibitor cocktail (Roche Diagnostics), followed by incubation overnight (14 hours) at 4°C. Immunoprecipitates were analyzed using the EpiTect ChIP kit according to the manufacturer's instructions. Then, ChIP-ed DNA was quantified and used for DNA-end repair (3′-dA) followed by PCR amplification and size selection (usually 100-400 bp, including adaptor sequence). The qualified libraries were used for sequencing (Illumina HiSeq 50 SE). Then, fastqs files were aligned to the human genome (hg19, ENSEMBL version 75) using bowtie2 aligner (23) with up to 50 alignments reported. Reads that were multimapped, duplicated, or that contained more than 2 mismatches were filtered out using samtools v1.3.1 (24) . The filtered alignment files in the form of bam files were indexed for the ability to view them on Integrative Genome Viewer (25) . Peak calling was performed using Model-based Analysis for ChIP-seq version 2 (MACS2) caller between aneurysm (ACTA2 R179H or TGFR2 G357W ) SMCs and their corresponding control sample at a P-value threshold of 0.05. The annotation of the peaks from MACS2 was performed using the ChipSeeker package in R (26) . Briefly, the reads that were mapped to unplaced scaffolds were removed from the analysis. Before annotating the peaks with UCSC's hg19 knownGene database, the genomic coordinates were first converted from ENSEMBL to UCSC and all peaks with a transcription start site region defined at 5 kilobases of the gene location were annotated. Pathway analysis was performed using DAVID (27) with all genes that contained differentially expressed peaks at a P value < 10 -4 that were in both groups of comparisons ACTA2 R179H or TGFR2 G357W cells versus wild-type cells. For ChIP-qPCR, human wild-type or aneurysm (ACTA2 R179H ) SMCs at 60% confluence in a T-75 flask were transfected with siRNA targeting MALAT1 (30 μM) or siRNA negative control (30 μM) for 48 hours in OPTIMUM media followed by 24 hours with complete growth media. Then, cells were fixed with 1% formaldehyde at 37°C for 10 minutes and quenched with 125 mM glycine for 5 minutes at room temperature, followed by preparation of total protein lysates using the EpiTect ChIP kit according to the manufacturer's instructions. Next, sheared DNA was incubated with 6 μg of monoclonal antibody against H3K27me3 (Abcam, ab4729) or IgG isotype control (Abcam, ab171870) . qPCR was used to analyze signals in the input and immunoprecipitates. The percentage of immunoprecipitate signals was calculated over the input signals. Experiments were performed in triplicate, with independent samples. All primers and antibodies are listed in Supplemental Table 3 . All relevant data are available from the authors. Genomic data from ChiP-seq experiments were deposited in the NCBI's Gene Expression Omnibus database (GEO GSE120394).
In vivo GSK343 and Malat1 antisense LNA treatments. Cohorts of 10-week-old wild-type mice were treated with GSK343 in drinking water 24 hours before left carotid ligation and following treatment for 3 weeks. GSK343 inhibitor (25 mg) was dissolved in 1 ml of DMSO to obtain a stock solution of 46 mM. Then, 250 ml of drinking water was supplemented with 250 μl of GSK343 stock solution. The control group was given equal volumes of sterile water. Bottles containing GSK343 were replaced with fresh water supplied with drug every 3 days. For Malat1 antisense locked nucleic acid (LNA) treatments, cohorts of 10-week-old wild-type mice were injected with 15 nmol in saline solution 24 hours before left carotid ligation followed by a second injection 7 days after ligation.
Statistics. Results are given as mean ± SD. Student's t test (2-tailed) was applied to determine the statistical significance of differences between control and treated groups. P less than 0.05 was considered statistically significant (*P < 0.05, **P < 0.01, and ***P < 0.001). For all experiments, at least 3 experimental replicates were performed. Scatter graphs show mean ± SD. One-way analysis of variance (ANOVA) was used to analyze histology data involving multiple mouse genotypes (95% confidence interval is plotted). P values represent 1-way ANOVA followed by Tukey's honestly significant difference (HSD) post hoc test. All graphs were produced using GraphPad Prism 7.0.
Study approval. All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the MGH. Patient imaging data were shared under protocol approved by the Partners HealthCare IRB after informed written consent (protocol 2000P001531).
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